Experimental study on shear behavior of reinforced concrete members fully wrapped with large rupture strain FRP composites This paper presents an experimental study on the shear behavior of reinforced concrete (RC) members fully wrapped with polyethylene terephthalate (PET) fiber reinforced polymer (FRP) composites, which are a new type of FRP material characterized with a much larger rupture strain (LRS) compared to conventional FRPs (i.e., made of carbon, glass, and aramid fibers). A total of ten PET fully-wrapped RC beams, which were designed to fail in shear and with different shear-span to effectivedepth ratios, transverse reinforcement ratios and shear strengthening ratios, were tested under four-point bending loads. The overall load-deflection responses and the shear deformation of the beams as well as the strain development of the transverse steel reinforcement and the FRP jackets were carefully observed. Based upon the extensive strain measurements, the shear contributions by concrete, FRP and transverse reinforcement are differentiated. It was found that the use of PET FRP composites as the jacket material of RC members can shift the mode of shear failure from a brittle one to an ideal ductile one while the ultimate state of the members is no longer caused by FRP fracture. In order to efficiently predict the shear strength of RC members wrapped by LRS FRPs, the effective strain in LRS FRPs and the degradation of concrete at the peak member shear strength must be appropriately considered. No.
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Many existing reinforced concrete (RC) members built using old design codes are susceptible to 41 catastrophic collapse during a major earthquake due to their insufficient shear strength and member 42 ductility (Priestley 1994; Priestley 2000) . Use of fiber reinforced polymer (FRP) composites as the 43 external bonding/jacketing material of RC members to improve their shear strength and ductility has been 44 a widely used technology because of the high strength-to-weight ratio and corrosion resistance of FRP 45 composites (Bakis et al. 2002; Karbhari and Zhao 2000) . The most often used FRP composites in 46 application include carbon fiber reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP), and 47 aramid fiber reinforced polymer (AFRP) composites, which are termed conventional FRPs in this paper. 48
In recent years, a new category of FRP composites, which are made of polyethylene naphthalate (PEN) or 49 polyethylene terephthalate (PET) fibers, have emerged as an alternative to conventional FRPs as the 50 strengthening materials of RC members. These FRPs have a much larger rupture strain (LRS) (usually 51 >5%) compared to conventional FRPs. Although their elastic modulus and strength are relatively low, 52 they are much cheaper than conventional FRPs (Jaqin et al. 2005; Ueda 2007; Dai and Ueda 2012) . It 53 should be noted that the relatively low strength and modulus of LRS FRP can be compensated by the use 54 of a greater amount of the fiber material whereas the small rupture strain of conventional FRP cannot be 55 compensated in this way. 56
Existing tests have shown that square RC columns confined with LRS FRP composites within their 57 plastic hinge regions can significantly improve the member ductility when subjected to cyclic lateral 58 loading (Anggawidjaja et al. 2006; Dai et al. 2012) in the following ways: providing confinement to 59 concrete (Dai et al. 2011; Bai et al. 2013) , restraining the buckling of longitudinal reinforcement (Bai et al. 60 2013) , and compensating the shear degradation of concrete (Anggawidjaja et al. 2006 , Jirawattanasomkul 61 et al. 2011 . It is favorable that the failure mode of LRS FRP-confined RC columns subjected to lateral 62 shear at the ultimate state is no longer governed by the brittle rupture of FRPs, which is frequently 63 4 observed in conventional FRP-confined RC members and may lead to a sudden loss of the load-carrying 64 capacity (e.g., Seible et al. 1997; Sirbu et al. 2001; Iacobucci et al. 2003 ) 65
Theoretical models have been developed to predict the compressive stress-strain relationship of LRS 66 FRP-confined concrete under axial loading (Dai et al. 2011; Bai et al. 2013) , and empirical models have 67 been developed to predict the ductility of LRS FRP-confined RC columns under combined axial and 68 lateral loading (Dai and Ueda 2012). However, it remains unclear how to predict the shear strength of 69 LRS FRP-strengthened RC members, which in turn may influence the development of their flexural 70 ductility (Jaqin et al. 2005; Jirawattanasomkul et al. 2011) . The efficiency of LRS FRP composites for the 71 shear strengthening of RC members remains a concern because concrete degradation may occur before 72 the full activation of the strain capacity of LRS FRP composites. For instance, in the shear strengthening 73 design of RC members using conventional FRP composites it is specified in some existing codes to limit 74 the strain of FRP below a certain value (e.g., 0.4%), which is far below the rupture strain of LRS FRPs, to 75 prevent possible concrete degradation (FIB 2001; JSCE 2001; ACI Committee-440 2002) . Obviously, the 76 above limitation on FRP is too conservative for LRS FRP-strengthened RC members, particularly when 77 RC members are fully wrapped with FRP composites and the brittle debonding failure of FRP is no 78 longer a critical concern and FRP composites can be more efficiently used. Preliminary tests have shown 79 that RC members fully wrapped with LRS FRP composites exhibit large shear deformation and no fiber 80 rupture when their peak shear strength is reached (Senda 2008) , implying that the shear strength of LRS 81 FRP-strengthened RC members may be reached beyond the initiation of concrete degradation. Therefore, 82 for a good prediction of the shear strength of LRS FRP-strengthened RC members, further understanding 83 of the efficiency of LRS FRP composites and the degradation of the concrete shear contribution is 84 necessary. 85
Against the above background, this paper aims to conduct an experimental study for the first time on the 86 shear strength and deformation behavior of RC members strengthened with LRS FRP composites. Since it 87 is generally recommended to use LRS FRP composites as a jacketing material to confine RC columns for 88 shear and ductility enhancement, this paper only focuses on the shear behavior of LRS FRP fully wrapped 89 RC members. 90
EXPERIMENTAL PROGRAM 91

Details of Specimens 92
Ten simply-supported RC beams designed to fail in shear were subjected to four-point bending loads. RC 93 beams rather than RC columns as the test members allows the elimination of the effects of pull-out from 94 footings and lateral buckling of the longitudinal reinforcement, enabling more accurate shear deformation 95 measurement. Two groups of RC beams were prepared (see Table 1 ): 96
(1) Group 1 included a reference RC beam (SP1) and five RC beams fully wrapped with different 97 amounts of FRP composites (SP2 to SP6), all with identical longitudinal and transverse steel 98 reinforcement as the reference beam but different strengthening ratios of FRP. Each specimen had a cross 99 section of 250 mm × 270 mm, whose corners were chamfered with a radius of 11 mm to prevent stress 100 concentration, and the shear span was 600 mm, resulting in a shear-span to effective-depth ratio of 2.50. 101
The longitudinal reinforcement and transverse steel reinforcement ratios were 2.53% and 0.17%, 102 respectively, in all the six specimens, whereas the volumetric ratio (i.e., calculated based on the nominal 103 thickness of the LRS FRP sheets) of the wrapped LRS FRP composites varied from 0.11 % to 0.45%. 104 (2) Group 2 included four RC beams (SP7 to SP10) that had different sectional dimensions and shear-105 span to effective-depth ratios to the reference beam. This group was designed to investigate the effects of 106 the longitudinal reinforcement ratio and shear-span to effective-depth ratio. SP7, representing a deep 107 beam, had dimensions 250 mm × 500 mm and a shear span of 1125 mm (see Table 1 ), whereas SP8 and 108 SP9 had dimensions of 250 mm × 270 mm and a shear span length of 600 mm. SP10, representing a small 109 section of beam, had dimensions 100 mm × 150 mm and a shear span of 300 mm. The specimen corners 110 were chamfered with a radius of 11 mm. SP7 and SP9 were designed to have a similar shear 111 strengthening ratio and shear-span to effective-depth ratio as SP5, whereas the longitudinal reinforcement6 ratio was made different. SP8 had a similar shear strengthening and longitudinal reinforcement ratio as 113 SP3, whereas the shear-span to effective-depth ratio was made different. SP10 had a large spacing of 114 transverse reinforcement significantly less than that required in the JSCE-2007 specification. 115
For all strengthened specimens (SP2 to SP10), a continuous fiber sheet with the main fibers oriented in 116 the transverse direction was fully wrapped around the RC beam with an overlapping zone of length 250 117 designed to span the top side (subject to compression) of the specimens for firm anchorage. 118
Materials Used in the Experiments 119
Concrete and steel reinforcement 120
Two groups of specimens were cast with two batches of ready-mixed concrete with a maximum 20 mm 121 size of aggregate. At the time of testing, the cylinder concrete strengths of the first and second batches of 122 concrete were 25.3 MPa and 32.6 MPa, respectively. The longitudinal steel reinforcement and transverse 123 steel reinforcement were tested to find their tensile stress-strain relationships. The longitudinal 124 reinforcement used in the first and second groups of specimens had yield strengths 382 MPa, 360 MPa 125 and 539 MPa (see Table 2 ). In specimens SP1 to SP9, the transverse reinforcement had a 6 mm diameter 126 and a 350 MPa yield strength, whereas for SP10 the transverse reinforcement had a 13 mm diameter and 127 the same yield strength. 128
LRS fiber sheets 129
Polyethylene terephthalate (PET) dry fiber sheets (PET-600) were used in the experiments to form LRS 130 FRP composites. Flat coupon tests for PET FRP composites were conducted to determine their tensile 131
properties following the JSCE standard E541-2000 (2002) . The tensile coupons sheets had a nominal 132 thickness of 0.841 mm, a length of 280 mm and a width of 13 mm. The coupon preparation followed the 133 usual wet lay-up process involving the impregnation of a large area of fiber sheet with a matrix epoxy 134 resin, which consisted of a main resin component and a hardener, with a mix ratio of 2∶1 by weight. After7 one week of curing in the laboratory environment, the hardened large PET FRP plate was cut into many 136 strips (i.e., testing coupons) with the required dimensions. Glass FRP (GFRP) tabs (25 mm long and 13 137 mm wide) were bonded to strengthen the two ends of each PET FRP coupon and to ensure uniform stress 138 transfer from the loading heads during the tensile tests, which were performed at a constant loading rate 139 equivalent to 1% strain per minute. An image measurement method was used to capture the tensile strain 140 of each PET flat coupon with a gauge length of 45 mm (Fig. 1a) . The tensile stress in the PET FRP 141 composite was calculated from the tensile load on the basis of the nominal area of the fiber sheet. All six 142 coupons were tested and found to fail in the central region of the specimens. used here, as shown in Fig. 3a , for the measurement of shear deformation for the first batch of specimens 165 (i.e., SP1 to SP6). However, for the second batch of specimens, the shear deformation measurement was 166 done using a more advanced digital image correlation (DIC) method with the help of charge-coupled 167 device (CCD) cameras (Fig. 3b ). This method probes cracks and shear deformation of concrete surfaces 168
with high image quality, low processing cost, and can monitor until the failure of specimens while 169 avoiding causing specimen damage (Ito et al. 2002; Qi et al. 2003) . For confirmation purposes, the 170 conventional LVDT-based method was implemented in parallel with the DIC method for SP7, whereas 171 only the DIC method was implemented for specimens SP8 to SP10 after its reliability was confirmed. The 172 measurement of shear deformation focused on the plastic hinge region of the specimens, which is within 173 1.5d from the loading point to the support location. This region is most likely to experience shear 174 deterioration particularly during seismic loading (Anggawidjaja et al. 2006) . The frame for installing the 175
LVDTs and the grid for the calibration points in the DIC method are shown in Figs.5a and 5b, 176 respectively. In the DIC measurement, the measured region was divided into many square grids, each of 177 which had four target coordinating points A, B, C and D (Fig. 5b) . In order to produce a physical picture, 178 the image was translated into the digital information of target coordinate using commercially available 179 software such as Adobe Photoshop. Based upon the digital information, the shear deformation of each 180 tested beam could be calculated. 181
RESULTS AND DISCUSSION 182
Failure Modes and Crack Patterns 183 Figure 4 shows the failure modes of specimens SP1 to SP10 presenting the sketches of the failed 184 specimens and photographs after the removal of the LRS FRP jackets. The black lines drawn on the 185 concrete surface show the locations of cracks, and the hatched areas indicate the bulges on the concrete 186 surface and spalling of concrete. Except SP6, which had the largest shear strengthening ratio (Table 1) to 53° to the member axis. In the first group of specimens, the reference specimen (SP1) developed two 199 major shear cracks at an angle of 45°. In the strengthened specimens SP2 to SP5, the angle of the major 200 shear cracks were slightly less than 45° ranging 44° to 39°. As the member deformation increased further, 201 partial debonding of the FRP occurred near the critical shear crack or at the edge of the beam (see Fig. 5 ), 202 and a loud noise was produced owing to the bulge of the concrete in the compression region. Finally, the 203 PET FRP composites at the corner locations ruptured, leading to concrete crushing and a complete 204 detachment of the FRP from the concrete substrate (Fig. 5) . SP6, with a 0.45% volumetric ratio of FRP, 205 showed no major shear deformation (Fig. 4) because of a confinement effect. 206 SP8 in the second group with a relatively high shear-span to effective-depth ratio (a/d =3.13) exhibited a 207 crack angle of 49° in the plastic hinge area. In SP7, whose ratio of shear reinforcement spacing to beam 208 depth is smaller than the others, showed the largest crack angle (θ cr =53°) among all the specimens. In 209 SP10, PET FRP sheets ruptured at the moment when the diagonal shear crack penetrated to the 210 compression zone of concrete, and the major shear crack did not pass any transverse steel reinforcement 211 because of their large spacing (i.e., s = 250 mm); the PET FRP sheets ruptured at the shear crack locations 212 rather than the corners of the beam section owing to the significant shear stress transferred from the 213 concrete to the FRP, leading to a diagonal tension failure of the member. This is an example of a poor 214 truss mechanism by which the shear stresses were not transferred through the truss nodes, leading to 215 member collapse in a very brittle behavior. 216
Overall, apart from the case when the transverse steel reinforcement ratio is extremely low, PET FRP 217 composites prevented crack opening in the strengthened beams that leads to multiple shear cracks in the 218 shear critical zones. Fig. 5 shows the locations where the PET FRP sheets ruptured, indicating that the 219 breakage of PET FRP sheets usually started from the corner of the beam section near to the loading plate 220 (e.g., in SP4). In addition, the rupture of PET FRP sheets was observed mostly at a large shear 221 deformation level. 222
Overall Load-deflection Responses 223
The overall shear force vs. mid-span deflection responses of specimens SP1 to SP6 and SP7 to SP10 are 224 presented in Figs. 6a and 6b, respectively; the shear force (V t ) is presented using a nominal shear stress 225 (ν t ) by dividing the shear force by the effective cross section (i.e., ν t =V t /bd). The mid-span deflection is 226 presented by the drift ratio (δ), which is defined as the ratio of the mid-span deflection (∆ total ) to the shear 227 span (a). 228
The reference specimen (SP1) showed a linearly increasing portion until the peak load and a sudden drop 229 of the load-carrying capacity afterwards, indicating a typical brittle shear failure of the member. During 230 the tests of specimens SP2 to SP5 the evolution of the member's mid-span deflection was terminated at 231 the rupture of PET FRP sheets. The corners in SP5 were not well rounded, resulting in the premature 232 11 rupture of FRP at a corner, and subsequently a lower ultimate ductility was achieved compared to SP4. 233
For SP6, which failed in flexure, neither FRP rupture nor the decrease in shear capacity was observed 234 even at the drift ratio of 12%, at which point the test was stopped owing to the extremely large 235 deformation. It is interesting that specimens SP2 to SP5 also exhibited significant ductility although they 236 failed in shear. The nominal shear stress achieved in the peak of the linear portion of the load-deflection 237 response increased with the amount of PET fiber sheets, as did the drift ratio. This is because that, with 238 increasing strengthening ratio, the confinement provided by LRS FRP not only prevented concrete from 239 spalling off but also restrained the widening of shear cracks. The considerable ductility development 240 before the member's shear failure seems to be a unique characteristic of PET FRP-strengthened RC 241 members. In other words, the shear failure is no longer brittle. 242
In the second group, SP10 was subjected to a brittle shear failure, and exhibited a load-deflection 243 response similar to that of the reference SP1. The nominal shear strength of SP10 was the highest among 244 all the specimens mainly because it had the smallest sectional dimensions (Fig. 6b) . SP7 to SP9 exhibited 245 ductile shear failure (Fig. 6b ). SP7 and SP9 had similar shear-span to effective-depth ratio and 246 strengthening ratio as SP5. The difference between these three specimens was their longitudinal 247 reinforcement ratios; SP9, which had the lowest value, achieved the highest shear ductility, as shown in 248 Fig. 6b , because of its highest shear to flexural strength ratio. SP7 exhibited the smallest ductility owing 249 to its higher longitudinal reinforcement ratio, as shown in Fig. 6b . The largest sectional dimensions of 250 SP7 may also be the reason for its lower shear ductility, because concrete degradation may be faster in the 251 case of large-depth RC beams owing to the widening of concrete cracks in the web. This is also witnessed 252 by the observed crack patterns (Fig. 4) . SP8 had the same longitudinal reinforcement ratio and shear 253 strengthening ratio as SP3, whereas their shear-span to effective-depth ratios were different. Both two 254 specimens maintained a constant nominal shear stress until the drift ratio of approximately 5% (Figs. 6a  255 and 6b). However, SP8 showed more ductility compared to SP3 because the former had a larger shear-256 span to effective-depth ratio than the latter (Figs. 6a and 6b) . 257 Table 4 As shown in Fig. 7 , the undeformed rectangular shape is represented by a truss element enclosed by 275 dashed lines, whereas the deformed shape due to pure shear deformation is represented by the shaded area. 276
The total deformation corresponding to the combined flexural and shear deformations is illustrated by the 277 solid lines. In case of shear deformation without flexural effect, the center of rotation is located at the 278 centroid of the truss unit. The average shear deformation (δ s ) for a specific coordinate of the concerned 279 truss can be obtained as follows: 280 respectively; and l is length of the truss unit. 284
The contribution of the flexural deformation (δ f ) can be attributed to the rotation of tension and 285 compression chords, BC and AD, respectively (Fig. 7) . In this study, the vertical displacements due to 286 flexure action i.e., δ f1 = δ f2 = δ f is assumed to be identical for each beam cross section and can be 287 calculated as follows: 288
where: α is value describing the distance from the top of the section to the centroid of the sectional 290 curvature distribution, and is taken as 0.5, assuming that the center of rotation is at the mid-height of the 291 truss element; h 1 is the height of the truss unit, and l is the length of the truss unit. All the parameters used 292 in Eqs. (1) and (2) (Figs. 3a and 3b) . Shear deformation contributed to total 294 deformation at peak load (δ sp /δ p ) is also summarized in Table 4 . 295 Figure 8 shows the relationships between the nominal shear stress (ν t ) and the drift ratio due to shear 296 deformation at the mid-span (δ s ). In the first group of specimens, SP1 shows a small value of shear drift 297 ratio at the ultimate state. In addition, at the same loading level, its shear deformation is larger than that of 298 other specimens, because the shear crack propagated rapidly in this reference specimen. For strengthened 299 specimens, the shear drift ratio at the ultimate state increases significantly because PET FRP sheets 300 restrained the widening of shear cracks, shifting the member from brittle diagonal tension failure to shear 301 14 compression failure. SP6 failing in flexure shows the smallest shear drift ratio because no significant 302 shear crack widening occurred. Therefore, the major deformation was contributed by the flexural effect. 303
In the second group of specimens, SP7 with the greatest depth shows a significant increase in the shear 304 deformation. SP10 failed in a very brittle manner, since all shear stresses due to concrete crack opening 305 were transferred to FRP sheets, leading to the rupture of FRP followed by the sudden loss of the shear 306 load-carrying capacity. The strain development in FRP sheet and transverse steel reinforcement will be 307 reported in the next session. 308
Strain Development in PET FRP Sheets and Transverse Steel Reinforcement 309
The strains in PET FRP sheets at the shear sides of the beams in fact were induced by two types of action: 310
(1) opening of shear cracks in concrete due to shear action, and (2) the lateral expansion of concrete in the 311 beam section due to flexure. It is difficult to differentiate these two effects through experimental 312 measurement. Taking SP2 as an example, Fig. 9 presents the typical strain distributions in PET FRP 313 sheets along the shear span (Fig. 9a) as well as along the beam height (Fig. 9b) at the peak load. For each 314 measured section (i.e., represented by a strip in Fig. 9 ) along the shear span, there is a maximum strain 315 observed in the FRP sheets (Fig. 9b) . Most of these maximum strains were observed around a major 316 diagonal shear crack (see the dashed line in Fig. 9a ) in the shear-critical region of the member. However, 317 some of them deviated somewhat from the dashed lines probably due to the existence of multi-shear 318 cracks. The high strains at the top corner of the section near the loading plate, due to the bulging of 319 concrete, result in a dilatation of the FRP sheets in the outward direction (see Figs. 4 and 9b) . 320 Figure 10 shows the strain distributions in transverse steel reinforcement along the shear span and the 321 sectional depth. The strain distributions of transverse steel reinforcement in the shear-critical region are 322 similar to those of PET FRP sheets. However, the maximum strains are always observed at the mid-height 323 of the shear side of the beam (Fig. 10a) rather than the top corner because there is negligible effect of the 324 concrete bulging on the transverse steel reinforcement. 325
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The locations of strain gauges bonded on FRP sheets and transverse steel reinforcement intersected with 326 the critical shear crack are also shown in Figs. 9 and 10. The readings of the strain gauges at these 327 locations (i.e., marked with circles in strips F2 to F5 in Fig. 9 , and in lines S1 to S3 in Fig. 10) were 328 recorded to calculate the shear stress contribution from FRP sheets (ν f-test ) and the transverse steel 329 reinforcement (ν s-test ), which represent integrals of the tensile force along each strip/line. 330 Figure 11 shows the typical development of the strains in transverse steel reinforcement and PET FRP 331 sheets with the shear deformation, which is also represented by the drift ratio, until the members' ultimate 332 states. The locations where the maximum strains in both transverse steel reinforcement and PET FRP 333 sheets in all the specimens are summarized in Table 5 FRP sheets and transverse steel reinforcement first increased due to the stiffness degradation of the 341 transverse steel reinforcement and then decreased after the peak load (δ sp ). In the reference specimen, the 342 increase in strain of transverse reinforcement was, however, nearly constant after the peak load because 343 the ultimate state was reached shortly after the shear crack propagation. The strain increase in LRS FRP 344 sheets was usually larger than that in transverse steel reinforcement because of the dual effects of LRS 345 FRP sheets (i.e., shear strengthening and confinement effects). 346
The difference between the average strain and the maximum strain of FRP sheets reflects the extent of 347 strain localization. It is seen that such a difference was smaller in SP2 (Fig. 11a) than that in SP5 (Fig.  348   11b ). This is mainly because the location of the maximum strain observed in SP2 was closer to the major 349 shear crack (F-18 in Table 5 ) while that observed in SP5 was closer to the top corner of the section. The 350 stress concentrations at the former and latter locations tended to lead to easy debonding and fiber rupture, 351 respectively. 352
Figs. 11c and 11d show the development of the maximum strain in FRP sheets and transverse steel 353 reinforcement with the shear deformation for Group 1 and Group 2 beams, respectively. For the first 354 group, just SP1 to SP4 are presented due to the premature failure of SP5 and the different failure mode of 355 SP6. It is seen that the strengthening ratio influenced significantly the strain development in both FRP 356 sheets and transverse steel reinforcement. Given the same drift ratio due to shear deformation, the higher 357 strengthening ratio of LRS FRP sheets was used, the higher strain values developed in both the FRP 358 sheets and the transverse steel reinforcement. For the second group of specimens, SP7 with the highest 359 longitudinal reinforcement ratio developed higher strain values in the FRP sheets with the shear 360 deformation compared to SP9, which had the lowest longitudinal reinforcement ratio. Strains of 361 transverse steel reinforcement in SP9 were not available due to the breakage of gauges. Compared to all 362 other specimens in Group 2, SP8 exhibited the faster strain development in the FRP sheets with the 363 deflection increase during the whole loading period owing to its largest shear-span-to-effective depth ratio 364 (a/d = 3.13). 365 Table 5 summarizes the maximum and average strains developed in PET FRP sheets and transverse steel 366 reinforcement, which were observed at the peak load, the defined ultimate state (i.e., corresponding to a 367 20% drop of peak load), and the termination of the test. It was not possible to define the ultimate state for 368 SP3, for which case the test was terminated before the defined ultimate state was reached, and for SP6, 369 which exhibited no drop of the peak load. In most specimens, the strain values of the transverse 370 reinforcement were not available at the termination of tests due to the large damage in concrete that broke 371 the strain gauges. The maximum strains in LRS FRP sheets were usually observed at the location either 372 close to the major shear crack or close to the one corner of the beam section. If excluding the reference 373 SP1 and SP10, which experienced diagonal tensile shear failure, the maximum strain values in LRS FRP 374 sheets in different states are: (1) 10,280-60,615 μ at the peak loads; (2) 39,756-116,613 μ at the defined 375 ultimate state; and (3) 15,470-139,773 μ at the termination of tests; on the other hand, the maximum 376 strain values in transverse steel reinforcement are 5,648-16,315 μ at the peak loads while 13,070-75,133 377 μ at the defined ultimate state. The large strain values observed in FRP sheets also demonstrate the 378 significance of using LRS FRP sheets for maintaining the integrity and ductility of RC members at large 379 shear deformation levels. 380
Degradation of the Shear Contribution of Concrete 381
The contribution of concrete to the shear resistance can be isolated from the total member shear force 382 once the shear contributions of transverse steel reinforcement and LRS FRP sheets are known from the 383 analyses on strain readings. The shear contribution of concrete in RC members wrapped with LRS FRP 384 sheets was usually found to have reached its peak value before the full development of the member shear 385 strength, as shown in Fig. 12 . For example, in SP7 the concrete contribution to shear started degrading at 386 the shear drift ratio of 0.80% while had degraded by 47.6% compared to its peak value at the shear drift 387 ratio of 2.35% (Fig. 12a) . A similar phenomenon was observed in all other strengthened members such as 388 in SP10 (Fig. 12b) . The extent of degradation varied from a range of 0~54.6% depending on the 389 volumetric ratio of FRP sheets, the shear-span to effective-depth ratio and the depth of member section. 390 Therefore, the prediction of the degradation of concrete shear contribution is essential for RC members 391 strengthened by LRS FRP composites. 392 Figure 13 shows the relationships between the concrete shear stress (ν c ) and the member drift ratio due to 393 shear deformation (δ s ). In the first group of specimens, the maximum shear contributions from concrete 394 are different for different specimens in spite of their identical sectional dimensions because the fully 395 wrapped FRP sheets provided confinement to concrete and hence enhanced its compressive concrete 396 strength, as shown in Fig. 13a and Table 4 (ν c-test at peak load). In addition, the mark " " in Figs. 13a and  397 13b indicates the shear drift ratio levels at which the member's shear strength was reached in SP4, SP7 to 398 SP10 as examples. These levels (i.e., δ sp ) for all other specimens can be found in Table 4 . In the second 399 group of specimens, the degradation of the concrete shear contribution in SP8, which had a higher shear-400 span to effective-depth ratio, started earlier than that in other specimens, indicating that the shear-span to 401 effective-depth ratio influenced the initiation of concrete degradation. In SP10, the concrete shear 402 degradation suddenly lost after the peak due to insufficient transverse reinforcement. 403
The shear contribution of concrete in an RC beam depends on the stiffness of both longitudinal and 404 transverse reinforcement (Sato et el. 1997) . When the yielding of longitudinal reinforcement in tension 405 region takes place the stiffness of this reinforcement starts to reduce, leading to the decrease of the 406 potential shear strength of the RC beam. The yielding of longitudinal reinforcement is followed by the 407 uplifting of the neutral axis, which limits the contribution of concrete in the compression zone. The 408 change of neutral axis also increases the compression strain that accelerates the softening or crushing of 409 concrete. Similarly, the yielding of transverse reinforcement also leads to its stiffness reduction and no 410 further increase in its contribution to the member shear strength. Therefore, it is highly possible that to 411 predict the degradation in the shear contribution of concrete in LRS FRP-strengthened RC members by 412 correlating it to the strain levels of the longitudinal reinforcement and transverse reinforcing materials 413 (i.e., including both FRP sheets and transverse steel reinforcement). 414
CONCLUSIONS 415
An experimental program involving tests on ten RC beams strengthened in shear with fully wrapped LRS 416 PET FRP sheets has been conducted. The test parameters include the strengthening ratio, the longitudinal 417 reinforcement ratio as well as the shear-span to effective-depth ratio. The following conclusions can be 418 drawn from the test results: 419
(1) PET FRP sheets with a large rupture strain can be used to enhance the shear strength of RC beams 420 while substantially increasing the member ductility. In particular, PET FRP sheets did not rupture at 421 the peak load and led to a ductile shear failure of the strengthened RC members. This failure mode 422 also enabled us to clearly observe the behavior of shear strength degradation of concrete with the 423 increase of shear deformation until the rupture of PET FRP sheets. 424
(2) The increase of amount of PET FRP sheets led to an increase of the shear strength and shear ductility 425 whereas a lower longitudinal reinforcement ratio and a smaller shear-span to effective-depth ratio 426 corresponded to improved shear ductility. 427 (3) PET FRP sheets developed very high strains; namely the maximum strains of 1.4-6% at the peak 428 shear loads and as high as 15.0% at the termination of tests,. 429 (4) The initiation of the degradation of the shear contribution of concrete occurred even before the peak 430 strength was developed in PET FRP-strengthened RC members. The shear contribution of concrete 431 was found to degrade by 0-54.6% depending on the volumetric ratio of FRP sheets, the shear-span to 432 effective-depth ratio and the member depth. This degradation of concrete contribution to shear 433 strength is eligible in the case of no axial loading for the current study. Drift ratio at mid-span (%) Drift ratio due to shear deformation(%) (a)
SP7 (a/d=2.5,ρf=0.34%,ρw=0.17%,ρst=4.50%) SP8 (a/d=3.13,ρf=0.17%,ρw=0.17%,ρst=4.22%) SP9 (a/d=2.5,ρf=0.34%,ρw=0.17%,ρst=3.38%) SP10 (a/d=2.5,ρf=0.19%,ρw=0.25%,ρst=4.22%) (b) Table 2 Material properties of steel reinforcement Table 3 Material properties of PET FRP sheets Table 4 Summary of test results in shear-stress and drift-ratio component 
